Zwitterionic ion-exchangers represent a new direction in the development of stationary phases for different modes of high-performance liquid chromatography. The combination of positively and negatively charged sites in a single particle, or within the functional groups of a single molecule attached to the surface of an adsorbent, provides unique opportunities to vary the selectivity of separation. The classification of zwitterionic ion-exchangers based on their structure, distribution of oppositely charged groups, and their applications is considered.
Background and Definitions
The idea of combining both anion-and cation-exchange groups in a single particle of ion-exchange resin for the purpose of improvement of ion-exchange selectivity appeared shortly after the invention of polymeric ion-exchange resins.
Stach 1 synthesised a zwitterionic ion-exchange resin containing both sulfonic acid and quaternary ammonium functional groups in 1951. This material was obtained by copolymerization of styrene and vinylchloride, followed by the introduction of quaternary ammonium functional groups by reaction of chloro-groups with trimethylamine, and then sulfonation with sulfuric acid to give sulfonic acid groups. However this first zwitterionic exchange resin was not fully characterized and its physico-chemical properties and performance were not evaluated. Originally, phenolformaldehyde polycondensation type resins were very popular and the occurrence of anion-exchange functional groups and residual phenol groups provided some zwitterionic properties for this material in alkaline media where the phenol group was dissociated. These resins had a monotonic distribution of functional groups over the entire volume of the resin. Since 1951 the approaches to the synthesis and design of zwitterionic ion-exchangers were directed towards localization of the oppositely charged groups in a bonded layer on the surface of the particle or on attached molecules.
Zwitterionic ion-exchangers are considered to include only those materials that contain the charged groups in a single particle, rather than mixed-bed ion-exchangers where a mixture of cation-and anion-exchangers is used. However, agglomerated ion-exchangers containing a layer of electrostatically retained microbeads around a core particle of opposite charge fall under the scope of this review. In some sources of literature the terms amphoteric and bipolar ion-exchangers have been also used. 2 The distribution of the oppositely charged groups can vary considerably and the following types of zwitterionic ionexchangers can be identified: (i) Polyampholyte resins having a continuous distribution of oppositely charged groups in the whole volume of the ionexchange particle. (ii) Pellicular resins containing a layer of opposite charge on a charged core particle, with this layer comprising microparticles, latex microbeads, a polymer film, or a simple treated outer surface of the core (e.g. sulfonated), for the purpose of adding functional groups of opposite charge sign to the functional groups on the core. (iii) Ion-exchangers containing functional groups of opposite charge at the outer surface available for interaction with ions or distribution of charged groups of different sign in extra thin films at the surface. (iv) Ion-exchangers in which there are oppositely charged groups present in a single attached or immobilized molecule. 
2·1 Traditional polyampholyte ion-exchangers
Although many polyampholyte ion-exchangers (e.g. weak anion-exchangers of phenol-formaldehyde polycondensation type resin containing acidic phenol groups) with alternating sequences of cation-and anion-exchange groups have been synthesized 3 they did not became popular in liquid chromatography. However a renewal of interest has been noted in recent years in relation to the development of polysulfobetaines and polycarboxybetaines. [4] [5] [6] 
2·2 Retardion (snake-cage type) resins
Retardion (or so-called snake-cage type resins) can be synthesised by saturation of a suitable ion-exchange resin (the cage) with an organic counter ion that can be polymerized to form linear chains of oppositely charged polymer (the snake) (for examples see Table 1 ). The polymer chain cannot be removed from the host resin due to strong electrostatic interactions and the restricted mobility of the linear polymer chains. The ionic sites of the resin cage are neutralized by the presence of the oppositely charged polymer chain and this provides mechanical stability leading to decreased swelling and shrinking properties. This allows 20 µm particles of resins with only 8% cross-linking to be employed in a column liquid chromatography set-up. 7, 8 The main features of Retardion resins are a low affinity for non-electrolytes, coupled with an ability to selectively retard ionic substances. They can therefore be used not only for desalting non-ionic solutions, but also for separating unwanted ions from ionic substances. It should be noted that complete elution of retained electrolytes can be achieved by washing the column with approximately 20 column volumes of water. In addition to retention of ions, Retardion resins adsorb acids and can be used for such purposes as removing excess acid following acid hydrolysis of proteins. The major difference in ion-affinity between carboxylate-quaternary ammonium resins and sulfonate-quaternary ammonium resins (Table 1 ) is in less affinity of the latter towards electrolytes. The general ionadsorbing affinities of a sulfonate-quaternary ammonium resin are less than those of the corresponding carboxylate-quaternary ammonium resin, which is evident from consideration of the following interactions between oppositely charged groups in the framework of the resins:
The interaction between sulfonate and quaternary ammonium groups is stronger than that for carboxylate and quaternary ammonium groups. The relative mobility of the snake polymer chains provides the possibility of very close contact between oppositely charged groups on Retardion resins and is a prime reason for the characteristics of these materials. Since 1957 the Dowex 1 strong anion-exchanger (8% cross-linking) containing trapped polyacrylic acid has been commercially available as Retardion AG 11A8 resin from Dow Chemical Co. and later from BioRad Laboratories and Serva (Heidelberg). Other resins of this type containing quaternary ammonium and sulfonate functional groups in different ratios were produced under the trade names BIP + and BIPin Hungary (CKV, Budapest). 9 The Retardion AG 11A8 resin has the following affinity in pure water for anions: SO4 2-<CO3 2-<I -<Br -<Cl -<CH3COO -<SCN -≈ ClO4and for cations: K + <Na + <Li + <Zn 2+ <Cu 2+ . It is interesting to note the low affinity of the resin towards sulfate and the relatively high affinity towards acetate. The selectivity of Retardion AG 11A8 for many metal ions over a wide range of aqueous solutions of varying pH was published by Dybczynski. 7, 11, 12 A high selectivity of the resin to cadmium (II), copper(II) and lead(II) has been observed and can be attributed to complexation of these metal ions with polyacrylic acid. It should be noted that ampholytes like amino acids are less retained than salts formed by strong acids and strong bases, 13 suggesting the absence of two-points of coordination (or "quadrupole" interactions) between the functional groups of the amino acid and the oppositely charged sites on the resin. Retardion AG 11A8 has been used for the separation of NaOH or Na2SO4 from NaCl; 14 NH4Cl from ZnCl2; and Li + , Na + , K + , halides and sucrose from NaCl, using water as the eluent.
Pellicular Type Ion-Exchangers 3·1 Agglomerated ion-exchangers
The concept of agglomerated ion-exchange resins was proposed by Small et al. 15, 16 and was based on the use of an inert core of poly(styrenedivinylbenzene) copolymer which was first sulfonated and then coated with a monolayer of electrostatically-bound anion-exchange microbeads of latex ( Fig. 1 ). The resultant agglomerated resin acts as an anionexchanger, but cation-exchangers can also be made by attaching cation-exchange latex particles either to an aminated core or by coating a layer of sulfonated latex particles onto an agglomerated anion-exchange material 15, 16 (Fig. 1 ).
The outstanding characteristics of these agglomerated ion-exchangers are their chromatographic performance and stability. Very efficient separations are possible owing to short diffusion paths, leading to excellent mass-transfer characteristics. The prime factors which determine the diffusion pathlength (and hence the chromatographic efficiency of the resultant material) are the size and degree of crosslinking of the latex particles (Tables 2  and 3 ). The surface charge on the core particle also serves to prevent the penetration of analyte ions (which have the same charge as the functional group on the core particle) into the interior of the resin bead. Mass transfer rates on and off the functional groups are also very high, giving increased efficiency of separation. Agglomerated exchangers show excellent chemical stability over the entire pH range. The bond between the latex and the core retains its integrity even in the presence of very caustic eluents and mechanical stability is also good, allowing high flow-rates to be used. These features have led to widespread usage of agglomerated ion-exchangers and many applications have been published in recent years. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] There is a further interesting aspect of this type of resin. The occurrence of oppositely charged groups at the core of particle 566 ANALYTICAL SCIENCES JUNE 2000, VOL. 16 and on the microbeads surrounding the core particle affects the ion-exchange selectivity. Thus, agglomerated ion-exchangers having an outer layer of anion-exchange microbeads (and hence being classified as anion-exchangers) can also exhibit some cation-exchange capacity due to interaction of the analytes with the sulfonic acid groups on the core particle. These characteristics have been used for the separation of inorganic anions and cations on the same chromatographic column using phthalate-tetraborate and copper chloride eluents for anions and cations, respectively, using a Dionex HPIC-CAS1 column. 21 Beere and Jones 22 used the agglomerated anion-exchanger IonPac AS4A for the speciation of chromium in aqueous samples including seawater, with both Cr(III) and chromate showing retention. Bruzzoniti et al. 20 noted that IonPac latex agglomerated anion-exchangers (AS4, AS4A, AS5, AS5A, AS10 and AS11) had a residual cation-exchange capacity of approximately 10 µequiv/col and the multi-mode anionexchange column OmniPac PAX-500 had a residual cationexchange capacity less than 1 µequiv/g. They used these properties for the simultaneous separation of selenium(IV) (in an anionic form) and tellurium(IV) (as a positively charged chloride complex).
The retention of mono-and dicarboxylic acids on Dionex AS4A-SC was studied 23 and a change of retention mechanism with dilution of the eluent was demonstrated. In relatively concentrated eluents (70 -100 mM) electrostatic (i.e. ion-567 ANALYTICAL SCIENCES JUNE 2000, VOL. 16 exchange) interactions between the carboxylate anions and the layer of positively charged latex microbeads dominated. However, with dilution of the eluent the impact of ion-exclusion interactions between the carboxylate anions and the sulfonate groups on the core particle became more evident. Pietrzyk 24 demonstrated zwitterionic properties for the Dionex agglomerated anion-exchanger IonPac AS7 and cation-exchanger IonPac CS5 by their application to the simultaneous separation of inorganic anions and cations (Fig. 2) . The latter cation-exchange column was also used for simultaneous determination of ammonium, nitrite and nitrate with a hydrochloric acid-glycine eluent. 25 Interesting results have been obtained for IonPac CS5 ionexchangers having both negatively and positively charged microbeads of latex on the surface of the core particle, with the simultaneous separation of HGeO3and Sn 2+ being achieved using 0.15 M H2SO4-0.05 M Na2SO4 as eluent. 26 The lanthanides and transition metals can also be separated 19, [27] [28] [29] [30] on the IonPac CS5 column either as cations using a cation-exchange mechanism or as complex anions using an anion-exchange mechanism, with the final mechanism being dependent on the concentration of complexing acid (oxalic, dipicolinic, diglycolic) in the eluent. There are two important observations from this system. First, the elution order due to anion-exchange (La(III) to Lu(III), Fig.  3 ) is opposite to that observed under conditions of cationexchange and allows more possibilities for variation of separation selectivity. 19, 27 Second, the separation of lanthanides by the anion-exchange mechanism on the mixed-functionality IonPac CS5 ion-exchange column was the same as that for the anion-exchange column IonPac AS5 when used with the same eluent system. This implies that the presence of excess sulfonate groups (150 µequiv/col for sulfonate groups compared to 70 µequiv/col for quaternary ammonium groups) on the IonPac CS5 does not influence the separation selectivity of lanthanides and their retention is also similar to that on the IonPac AS5 having a capacity of only 20 µequiv/col and an outer layer of anion-exchange latex particles. The following elution order of transition metal ions on the IonPac CS5 column was observed for oxalic acid or dipicolinic acid based 568 ANALYTICAL SCIENCES JUNE 2000, VOL. 16 n/a: data not available. n/a n/a n/a n/a 60 (-SO3 -) n/a n/a IonPac-CS3 10 EVB-DVB(2%) n/a no data (-N + R3) n/a n/a 100 (-SO3 - Similar elution behavior for complex anions of transition metal ions has been obtained using an IonPac CS2 column with 20 mM oxalic acid-20 mM citric acid (pH 3.6) eluent. 31 However, the IonPac CS2 column has less pronounced anionexchange properties than the IonPac CS5 column.
3·2 Ion-exchangers coated with oppositely charged polymers
The layer of charged microbeads in the agglomerated materials can be replaced by a layer of a hydrophilic watersoluble polymer such as polyethylenimine or quaternized polystyrene to give a further type of pellicular zwitterionic exchanger. Stevens 32 treated 10 -20 µm particles of strong acid cation-exchanger (Dowex 50X35, 35% crosslinking) with quaternized polystyrene and the resultant material provided an efficient separation of 7 inorganic anions in 5 min using carbonate-bicarbonate buffer as eluent.
The dynamic modification of reversed phase materials can also be used to produce zwitterionic stationary phases of the type under discussion in this section. For example, the sequential treatment of 10 µm octadecylsilica particles with dodecylbenzenesulfonic acid and a nitrogen-containing polymer has been used for this purpose. 33 A layer of dodecylbenzenesulfonic acid was first adsorbed to produce a cation-exchanger of low capacity (0.1 -0.2 mmol/g). Then a coating of the positively charged polymer was retained by electrostatic interaction with the sulfonate group to give an anion-exchanger with capacity 0.01 -0.03 mmol/g. Poly(N-ethyl-4-vinylpyridinium bromide) (PEVP), poly(dimethyl-diallylammonium chloride) (PDMDAA), poly-(hexamethyleneguanidinium hydrochloride) (PHMG) and 2,5-Ionene were investigated as polymers for the outer coating (for structures, see Fig. 4 ). The final resin structure consisted of three surface layers: octadecyl chains attached covalently to the silica substrate, adsorbed molecules of dodecylbenzenesulfonic acid, and the electrostatically retained positively charged polymer. An efficiency of more than 10000 theoretical plates per meter was observed for all the ion-exchangers examined. The anion-exchange selectivity of the multilayer ion-exchangers depended on the type of anion-exchange groups in the polymer, their distribution throughout the polymer, and the molecular weight of the polymer. Relatively low retention times were obtained for large, polarizable anions such as perchlorate, iodide and thiocyanate, which could have resulted from some repulsion by the sulfonate functional groups in the internal negatively charged layer of dodecylbenzenesulfonic acid. The stability of these multi-layer anion-exchangers was poor due to constant bleeding of dodecylbenzenesulfonic acid from the surface.
There are special requirements regarding the molecular weight of polymers used for covering porous substrates such as silica. Oligomers of polyethylenimine (PEI) of molecular weight 600 produce a coverage thickness of 3 -4 nm, 34 which makes it possible to modify silica with a pore diameter of about 30 nm 569 ANALYTICAL SCIENCES JUNE 2000, VOL. 16 and to still retain some of the surface properties of the substrate. PEI with molecular weight 35000 was found to be optimal for modification of silica having pore diameters in the range 70 -100 nm. 35 It should be noted that use of polymers with inappropriately high molecular mass for the substrate under consideration leads to a stationary phase of low chromatographic efficiency due to blockage of the pores and formation of stagnant pools of polymer.
3·3 Bipolar ion-exchangers with a central anion-exchange core
Another approach to the synthesis of zwitterionic ionexchangers was proposed by Dolgonosov [36] [37] [38] in which small particles of macroporous anion-exchange resin (AV-17, polystyrenedivinylbenzene, 8% crosslinking, original capacity 0.4 mequiv/ml, trimethylammonium active functional groups) were treated with sulfuric acid. Under optimized conditions only the outer surface of the anion-exchanger was sulfonated. A series of ion-exchangers was produced under the trade name KANK. Depending on the conditions of treatment (time and temperature, particle size) the concentration of sulfonate groups and the depth of the surface layer could be varied and either anion-exchange, cation-exchange or zwitterionic ion-exchange properties could be obtained. A chromatographic column packed with 15 µm KANK-BP (a zwitterionic ion-exchanger in which the cation-and anion-exchange capacities were about 0.2 mequiv/g) was used for the sensitive determination of ammonia in seawater. The determination of as low 0.1 ppm of NH4 + was possible in the presence of a 100-fold excess of alkali metal ions and inorganic anions.
Ion-Exchangers with a Bonded Layer of Polyampholyte Polymer
There are many different stationary phases containing proteins such as ovalbumin, human serum albumin, bovine serum albumin (BSA), orosomucoid or α-acid glycoprotein, ovomucoid and lactate dehydrogenase immobilized onto a silica surface. These phases have been used for the separation of enantiomers. Proteins contain amphoteric compounds and their charge depends on the pH of the eluent. Under acidic conditions the surface of the stationary phase is positively charged and the separation of inorganic anions can be performed. [39] [40] [41] On the other hand, alkali metal cations can be separated using an eluent of neutral pH. 42 The possibility of simultaneous separation of inorganic anions and cations has been demonstrated recently using BSA bonded to silica and treated with mucopolysaccharide. 43 Similar stationary phases have been used for the HPLC separation of proteins in which zwitterionic ion-exchange sites on the stationary phase were obtained by derivatization of polyethylenimine treated silica gel with a monomeric cyclic dianhydride, such as succinic anhydride or polyacrylic anhydride. 44 The zwitterionic properties of these stationary phases were shown to play a definite role in the retention of proteins.
Ion-Exchangers with Separately Distributed
Charges on the Surface 45 The elution order for cations on alumina is the same as that observed for conventional sulfonated cationexchangers, but the elution order of anions is opposite to that for common quaternary ammonium type anion-exchangers. The following elution order was reported for 5 µm Spherisorb A5Y alumina using 0.01 M acetate at pH 6.5 -6.8 as eluent: 46, 47 
The ion-exchange affinity of alumina for halide ions can be explained by complexation of these anions with aluminium atoms at the surface of the alumina. An important usage of amphoteric inorganic oxides in liquid chromatography arose from the development of a novel mesoporous aluminosilicate stationary phase called MCM-41. 48 This material had a multidimensional regular pore structure consisting of hexagonal tubes with a pore diameter that could be varied between 2 and 4 nm and is composed of amorphous silica and aluminosilicate. The first chromatographic investigation of MCM-41 with a silica to alumina ratio of 30 demonstrated 49 that both basic and acidic compounds could be separated in a single run due to the cooperative effects of =SiOH and =Si-O-Al= groups present at the surface. The particular advantage of MCM-41 was that it could be synthesized with a varying silica/alumina ratio, thus allowing the acidic and basic surface properties to be adjusted. The amphoteric properties of different metal oxides have been recently reviewed by Nawrocki. 50
5·2 Multifunctional zwitterionic exchangers
The preparation of zwitterionic silica-based stationary phases with separately distributed cationic and anionic functional groups for the separation of amino acids by HPLC has been reported. [51] [52] [53] In the first step, silica gel was treated with N-phenylaminomethyl(triethoxy)-silane or with N-(2-aminoethyl)-3-aminopropyltriethoxysilane to produce a weak anionexchanger containing active secondary or primary amino groups, respectively. The prepared substrates were then reacted with chlorosulfonic acid or with the p-sulfanilic derivative of cyanuric chloride resulting in partial introduction of sulfonate groups (see Fig. 1 ). The zwitterionic properties of these ionexchangers were confirmed by retention data for organic cations, anions and ampholyte molecules.
Dynamically coated multifunctional zwitterionic stationary phases can be prepared using mixtures of anionic and cationic surfactants applied to reversed-phase substrates. Macka and Borak 54 tested a number of combinations of different surfactants and conditions of coating and found that treatment of octadecylsilica with a mixtute of octanesulfonate and tetrabutylammonium gave a stationary phase with zwitterionic properties. The simultaneous separation of neutral, positively and negatively charged platinum(II) complexes was achieved. Of special note is the difference in the structures and functions of the two surfactants used in the coating procedure.
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Octanesulfonate has a relatively long alkyl chain which penetrates into and interacts strongly with the bonded layer of octadecyl moieties of the substrate. At the same time tetrabutylammonium cation has restricted access to the bonded layer due to the bulky butyl groups and is localized on the surface of octadecylsilica. Also the strength of hydrophobic interaction of the butyl groups with the octadecyl moeities exceeds the strength of the electrostatic interaction of tetrabutylammonium and octanesulfonate, leading to a separate distribution of positively and negatively charged groups on the surface.
Ion-Exchangers with Covalently Attached or Physically Adsorbed Zwitterionic-Molecules
Perhaps the most effective way to realize the advantages of zwitterionic ion-exchangers is to combine the oppositely charged functional groups in one molecule which is then immobilized onto the stationary phase. One way in which this can be achieved is by covalent attachment of α-amino acids onto the surface of a matrix such as silica. Whilst these materials are well known as stationary phases in ligandexchange, metal-chelate and affinity modes of liquid chromatography 55 (which exploit their ligand complexation properties with, for example, transition metal ions) their ionexchange properties have been studied only relatively recently. [56] [57] [58] [59] [60] [61] [62] [63] There are several features of stationary phases containing silica-bound zwitterionic molecules. First, the amino acids can exist in several forms, depending on pH (Fig. 5) , so both anionand cation-exchange properties can be observed and simultaneous separation of anions and cations is possible under conditions of optimized eluent pH (Fig. 6) . Second, the ion-exchange selectivity for these substrates is a combination of electrostatic attraction and repulsion forces. In practice a relatively small affinity of hydroxyproline bonded to silica towards large, polarizable anions like iodide, perchlorate and thiocyanate was found ( Fig.7) . Third, evidence for highly selective "quadrupole" interactions between the bound zwitterionic molecule and ampholyte organic analytes like amino acids and nucleosides has been observed. [62] [63] [64] [65] [66] The simultaneous occurrence of two electrostatic interactions affords a further dimension to selectivity in comparison to simple ion-exchange of analytes bearing a charge of one sign. Fourth, interaction of basic amino groups on acidic residual silanol groups at the surface was noted, 56, 58, 60 leading to the formation of a thin sandwich structure consisting of charged layers of negatively charged silanols, positively charged amino groups and negatively charged carboxylic groups. This structure should provide good mass-transfer characteristics and short diffusion path and hence high chromatographic efficiency of 571 ANALYTICAL SCIENCES JUNE 2000, VOL. 16 these ion-exchangers. Finally, the possibility of attenuation of the ion-exchange capacity of these zwitterionic ion-exchangers enables the use of dilute eluents suitable for suppressed and non-suppressed ion chromatography with conductivity detection.
The latter feature is particularly evident in the technique of electrostatic ion chromatography (EIC) [65] [66] [67] [68] in which an octadecylsilica reversed-phase material is treated with a hydrophobic zwitterionic surfactant in which the positively and negatively charged functional groups are usually separated by three carbon atoms. Suitable surfactants are shown in Fig. 8 , sodium taurodeoxycholate and sodium taurocholate. These stationary phases have been used for the separation of inorganic and organic anions using water or dilute electrolytes as eluents, with non-suppressed and suppressed conductivity detection. [69] [70] [71] [72] Typical separations of anions using water or sodium bicarbonate as eluent are shown in Fig. 9 , which reveals that the separation selectivity for EIC differs from that of conventional anion-exchange. The mechanism of separation is considered to arise from the formation of a zwitterionic electrical double layer of eluent ions around the charge centers of the stationary phase, with analyte anions moving in and out of this double layer in accordance with electrostatic interactions and the propensity to form ion-pairs with the eluent ions. EIC has been shown to have an excellent tolerance to samples having a high ionic strength and has been applied to the determination of trace anions in seawater. 73 EIC has also been shown to be applicable to the determination of inorganic cations using a surfactant which has the positive and negative functional groups reversed from the positions shown in The separations discussed above should also be possible using stationary phases in which the sulfonate and quaternary ammonium functional groups are attached covalently to the surface of a suitable matrix. However, the synthesis of such materials has proved to be very difficult. There are only four papers 62, 63, 69, 75 describing the preparation of these zwitterionic ion-exchangers and in all but the last case the bonded sulfobetaine groups behaved differently to the same groups on zwitterionic surfactants dynamically loaded onto octadecylsilica. However, Jiang and Irgum 75 have successfully used a reaction scheme in which 2-hydroxyethyl methacrylateethylene dimethacrylate copolymer beads were first activated with epichlorohydrin, whereafter (2-methylamino)ethanesulfonic acid inner salt was coupled to the epoxide groups on the activated 572 ANALYTICAL SCIENCES JUNE 2000, VOL. 16 beads in a quaternizing reaction. The resultant material carried zwitterionic pendant groups whose charge properties did not change over a wide pH range. This material was capable of separating inorganic anions and cations both independently and simultaneously using aqueous solutions of perchloric acid or perchlorate salts as eluent.
Some zwitterionic ion-exchangers can be considered as model systems for the investigation of complex interactions taking place in living organisms. An interesting approach called immobilized artificial membrane chromatography (IAM) for modelling the interaction of polar organic molecules with phospholipid membranes was proposed by Pidgeon et al. [76] [77] [78] [79] [80] IAMs are chromatographic surfaces prepared by covalently immobilizing cell membrane phospholipids to solid surfaces at monolayer densities ( Fig. 10 ) to mimic fluid cell membranes and to provide information on specific hydrophobic and ionexchange interactions through chromatographic retention data. It was demonstrated that analyte partitioning between the IAM bonded phase and the aqueous mobile phase is similar to the partitioning of the analyte between liposomes and the aqueous phase. IAM chromatography is experimentally simple and large volume screening of experimental compounds for drug absorption is possible. Some IAMs are zwitterionic ion-exchangers bearing both positively charged quaternary ammonium and negatively charged phosphonic acid functional groups attached to the silica surface through long alkyl linkages which provide hydrophobic properties to this stationary phase. The zwitterionic nature of these IAMs was demonstrated by an NMR study of the adsorption of tryptophan and glycocholic acid. Analysis of 31 P NMR spectra showed the existence of the above-mentioned quadrupole interactions between ampholytic analytes and the IAM surface at neutral pH. 76 
Conclusions
Published data on the development, properties and applications of zwitterionic ion-exchangers in liquid chromatography indicate that these materials have a number of desirable features. First, the combination of positively and negatively charged groups results in reduced shrinking and swelling and improved mechanical stability of zwitterionic ion-exchangers in comparison with traditional ion-exchangers. Second, mass transfer characteristics of the surface modified zwitterionic ionexchangers are superior to those in which the functional groups are distributed within the core. Two or three oppositely charged layers are usually present at the surface of the surface-modified materials and these serve to prevent the penetration of ions into the interior of the particle, leading to fast outer layer kinetics of mass transfer. Third, the zwitterionic ion-exchangers demonstrate unique separation selectivity and often the simultaneous separation of anions and cations with a single column is possible. The affinity of these materials for large, polarizable anions is less than for common anion-exchangers, so that an isocratic separation of small and large anions in a reasonable run time can be achieved. Fourth, the use of water as an eluent is possible for some separations and this can drastically improve the sensitivity of detection, especially when conductivity detection is used.
A trend evident in the development of zwitterionic ionexchangers is to decrease the scale of localization of oppositely charged groups and to minimize the distance between these functional groups on the surface of the substrate. Ionexchangers formed in this way often exhibit unique ionexchange selectivity as a result of simultaneous interaction of the analytes with both functional groups and can therefore be used for separations which are not possible with other types of ion-exchangers. Finally, many of the zwitterionic ion-exchangers show similarities to biological species, such as amino acids and proteins, and can therefore be used to obtain information on biological systems.
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